Introduction
============

Microglia are one of the resident populations of mononuclear phagocytes in the central nervous system (CNS) and account for 10% of the total glial cell population in the brain ([@b1-mmr-12-05-7271]). Increasing evidence has suggested that microglia have neurotoxic effects when they are overactivated following severe injury or during neurodegenerative disease ([@b2-mmr-12-05-7271],[@b3-mmr-12-05-7271]). The neurotoxic effects of the activated microglia in the aged neurodegenerative brain may result in age-associated microglia senescence ([@b4-mmr-12-05-7271]). Microglia senescence, which underlies the alterations of microglial function and incorrect responses to stimuli, can promote eventual neurodegeneration ([@b5-mmr-12-05-7271],[@b6-mmr-12-05-7271]). Emerging evidence has indicated that microglial senescence can contribute to age-associated neurodegenerative disease, including Parkinson\'s disease (PD), which is characterized by the degeneration of dopaminergic neurons in the substantia nigra pars compacta ([@b7-mmr-12-05-7271]--[@b9-mmr-12-05-7271]). The most prominent features of microglial senescence are morphological alterations, described as dystrophy, and alterations in the inflammatory profile ([@b4-mmr-12-05-7271],[@b7-mmr-12-05-7271]). In addition, a previous study indicated that the expression levels of proinflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-1β are increased in the brains of senescence-accelerated mice ([@b10-mmr-12-05-7271]).

Senescence is a state of irreversible cell withdrawal from the proliferative pool, and occurs at the exhaustion of the proliferative lifespan ([@b11-mmr-12-05-7271]). Cellular senescence is characterized by elevated endogenous β-galactosidase activity, which is commonly used as a marker for cellular senescence ([@b12-mmr-12-05-7271]). In addition, the induction of p21, the first identified inhibitor of cyclin/cyclin-dependent kinase complexes, is essential for the onset of cell cycle arrest in cell senescence ([@b13-mmr-12-05-7271],[@b14-mmr-12-05-7271]). Senescence can also be caused by pathological stimulation, including the activation of oncogenes (oncogene-induced senescence; OIS) ([@b15-mmr-12-05-7271]). Phorbol myristate acetate (PMA), commonly known as 12-O-Tetradecanoylphorbol-13-acetate, is a potent tumor promoter, which is often applied in biomedical investigations to activate the signal transduction enzyme, protein kinase C (PKC) ([@b16-mmr-12-05-7271],[@b17-mmr-12-05-7271]), which is involved in oncogene activation. In addition, it has also been reported that senescence can be driven by the activation of PKC ([@b18-mmr-12-05-7271]--[@b20-mmr-12-05-7271]). Therefore, the present study hypothesized that PMA, as a carcinogen, can also induce microglial senescence. In the present study, the expression levels of TNF-α, IL-1β, β-galactosidase and p21 in the substantia nigra of rats were investigated, as were the effects on these levels of expression following PMA administration

Materials and methods
=====================

Animals
-------

Male Sprague-Dawley rats (12 weeks old; 220--260 g) were provided by the Biological Science Animal House (Liaoning, China). The animals were maintained in a temperature-controlled environment at 22--24°C on a 12:12 h light-dark cycle, and were provided with free access to food and water. All animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MA, USA) and the present study was approved \[no. SCXK (Liao) 2008--0005\] by the ethics committee of China Medical University (Shenyang, China).

Treatment groups
----------------

A total of 58 rats were used in the present study. Firstly, 10 of the 58 rats were randomly selected and divided into two groups: PMA injection group (n=5) and control group (n=5). In each group, injection was performed once, and all 10 rats were sacrificed by an intracardiac injection of sodium pentobarbital (75 mg of 390 mg/ml solution) 1 week following injection to determine whether a single PMA injection allowed the microglia to enter a resting state. In the control group, normal saline (NS; 0.9%saline solution), rather than PMA, was injected providing a single injection control group. The remaining 48 rats were randomly divided into three groups: i) repeated injection control group (n=16); ii) single PMA injection group (n=16) and iii) repeated PMA injection group (n=16). In the single PMA injection group, the rats were injected with PMA once in the first week. For the repeated PMA injection group, the rats were injected with PMA four times, once a week. In the repeated injection control group, NS, rather than PMA, was injected four times, once a week. All 48 rats were sacrificed, as described above, at the fifth week following the first injection ([Fig. 1](#f1-mmr-12-05-7271){ref-type="fig"}).

Intra-nigrostriatal injection of PMA
------------------------------------

To observe the microglial changes in the substantia nigra, PMA (Sigma-Aldrich, St. Louis, MO, USA) was injected into the substantia nigra by performing stereotaxic surgery. For the stereotaxic surgery, the rats were anesthetized with an intraperitoneal injection of pentobarbital (50 mg/kg; Apoteksbolaget, Stockholm, Sweden). Once the animals were deeply anesthetized, they were placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). Subsequently, the rats were injected with a sub-toxic concentration of PMA (0.5 *µ*g/*µ*l; 2 *µ*l at each site, into the right nigrostriatal pathway (medial forebrain bundle) at stereotaxic coordinates (anteroposteriorly 4.4 mm from the bregma; mediolaterally +1.0 mm from the midline; dorsoventrally −7.2 mm from the skull), as adapted from Grealish *et al* ([@b21-mmr-12-05-7271]). The control group was injected with the same volume of NS (2 *µ*l at each site). At the end of each injection, the syringe needle remained in position for 5 min and was then slowly withdrawn to prevent solution reflux.

Tissue sample collection
------------------------

Following the appropriate time-periods post-injection, the animals were deeply anesthetized with pentobarbital. A number of the brains from the PMA injection group (n=3) and control group (n=3) were immediately removed, and the whole striatum and substantia nigra were rapidly dissected and placed on the ice, which was used for enzyme-linked immunosorbent assay (ELISA) analysis of TNF-α and IL-1β. The remaining animals were perfused through the aorta with 0.9% saline, followed by ice-cold fixative consisting of 4% paraformaldehyde (Sigma-Aldrich,) in 100 mM phosphate-buffered saline (PBS). The brains were then dissected (3--4 mm thickness) and post-fixed for 24 h with the same fixative. Following fixation, a number of the brain samples were transferred into 15% sucrose (Sigma-Aldrich) solution overnight at 4°C, and were subsequently to a 30% sucrose solution until the brain samples sunk to the tube bottom. Subsequently, brain samples from all the remaining animals in the PMA injection group and control group, and samples from the animals in the other three groups were sectioned using a cryostat (CM3050S; Leica Microsystems GmbH, Nussloch, Germany) at a thickness of 25 *µ*m. These sections were then mounted onto poly-l-lysine-coated slides (CEL Associates, Pearland, TX, USA), which were prepared for immunofluorescence. The remaining brain samples (n=8/group) from the repeated injection control group, single PMA injection group and repeated PMA injection group were embedded in paraffin (Sigma-Aldrich), and 5-*µ*m coronal sections were obtained using a microtome, which were processed for β-galactosidase staining and immunohistochemistry.

Assessment of the effect of single PMA injection on microglia
-------------------------------------------------------------

To determine the effect of a single PMA injection on the microglia, immunofluorescence staining for Iba-1 was performed, and the levels of TNF-α and IL-1β were detected using ELISA. The brain samples from the rats in the PMA injection group and control group were used for this assessment. For the immunofluorescence staining, the frozen sections from the PMA injection group and control group were permeabilized using 0.3% Triton X-100/PBS (Sigma-Aldrich) for 10 min at room temperature. Following hydration with ethanol and being fixed with 10% formaldehyde, the sections were microwave-heated for 6 min in sodium citrate buffer (10 mM; pH 6.0) for antigen retrieval. The sections were then blocked with 10% bovine serum albumin (Sigma-Aldrich) in PBS for 30 min. The sections were incubated overnight with polyclonal rabbit anti-rat Iba-1 (cat. no. 019-19741; 1:100; Wako Pure Chemicals Industries, Osaka, Japan) at 4°C. Following several washes with PBS, the sections were incubated for 2 h at room temperature with Alexa-488 (green fluorescence)-conjugated goat anti-rabbit IgG polyclonal antibody (cat. no. A-11034; 1:800; Invitrogen Life Technologies, Carlsbad, CA, USA). Fluorescence images were captured using a digital camera attached to a fluorescent inverted microscope (Nikon Eclipse E1000; Nikon Corporation, Tokyo, Japan). Green color indicated positive expression of Iba-1.

The target proteins of TNF-α and IL-1β were extracted, according to the manufacturer\'s instruction of the Rat TNF-α and IL-1β ELISA kits (Invitrogen Life Technologies). Briefly, the samples were homogenized in lysis buffer containing protease and phosphatase inhibitors, and 1% Triton X-100, and then centrifuged at 13,000 x g for 30 min at 4°C. The resultant supernatants were collected and frozen at −80°C until analysis. For each reaction in the 96-well plate, 50 *µ*g of proteins were used, and ELISA were performed according to the manufacturer\'s instructions, as described by Koziorowski *et al* ([@b22-mmr-12-05-7271]). The total proteins were extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). Following centrifugation, the supernatant was loaded onto precoated DNA-binding protein wells for ELISA. The absorbance was measured at 450 nm on an MRX 96-well plate reader (Dynex Technologies, Inc., Chantilly, VA, USA).

Assessment of the effect of repeated PMA injection on microglia
---------------------------------------------------------------

The expression of p21 was measured using double immunofluorescence staining with Iba-1. For double immunofluorescence, following the permeabilization, hydration, fixation, antigen retrieval and blocking steps described above, sections from the repeated injection control group, single PMA injection group and repeated PMA injection group were incubated with a mixture of polyclonal rabbit anti-rat Iba-1 (cat. no. 019-19741; 1:1,00; Wako Pure Chemicals Industries) and polyclonal mouse anti-rat p21 (cat. no. ab80633; 1:80; Abcam, Cambridge, UK) primary antibodies followed by a mixture of Alexa-488 (green fluorescence) and Alexa-594 (red fluorescence)-conjugated polyclonal goat anti-rabbit IgG (cat. no. A-11034; 1:800) and polyclonal goat anti-mouse IgG (cat. no. A-11029; 1:1,000; Invitrogen Life Technologies). The red staining of the positive expression of p21 enabled differentiation from the green positive expression of Iba-1.

Double staining for β-galactosidase and Iba-1 was performed, as previously described by Itahana *et al* ([@b23-mmr-12-05-7271]). Following dewaxing and hydration, the rest sections from the repeated injection control group, single PMA injection group and repeated PMA injection group were also permeabilized for 10 min and blocked for another 30 min, as described above. The sections were then incubated overnight at 37°C without CO~2~ in freshly prepared staining buffer, containing 1 mg/ml X-gal, 40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassium ferricyanide, 150 mM NaCl and 2 mM MgCl~2~ (all purchased from Sigma-Aldrich), which was substituted with normal saline prior to observation. Following β-galactosidase staining, immunohistochemical staining of Iba-1 was performed according to the avidin-biotin-peroxidase complex method (Vector Laboratories, Burlingame, CA, USA). Briefly, the stained sections were incubated overnight at 4°C with polyclonal rabbit anti-rat Iba-1 antibody (cat. no. 019-19741; 1:100; Wako Pure Chemicals Industries) and then with biotinylated polyclonal goat anti-rabbit IgG antibody (cat. no. A-11034; 1:800; Invitrogen Life Technologies) for 30 min at room temperature, followed by horseradish peroxidase-conjugated avidin for 30 min at room temperature. Finally, the colors were developed with 3-amino-9-ethylearbazole substrate (Vector Laboratories, Inc.) for Iba-1. The positive β-galactosidase cells were stained blue, enabling differentiation from the red-brown color of the Iba-1-positive cells.

Unbiased stereological estimation of the number of cells were performed in all double staining sections throughout the substantia nigra area using StereoInvestigator analysis software (version 6.0; MicroBrightField, Williston, VT, USA) combined with a Nikon Eclipse E600 microscope (Nikon Corporation) and the optical fractionator method, according to previously published reports ([@b24-mmr-12-05-7271],[@b25-mmr-12-05-7271]). The boundaries of the substantia nigra were defined according to previously published anatomical analysis in rats (area of counting frame, 64,000 mm^3^; guard height, 2 *µ*m; spaced 300 *µ*mm apart in the x-direction, and 200 *µ*m apart in the y-direction) ([@b26-mmr-12-05-7271]), and the cells were counted in 24 sections (n=8 for each group) along the entire substantia nigra, including pars reticulate and compacta. The cells were counted by an observer in a blinded-manner.

For identifying the double stained-positive senescent microglias, 10 high power microscopic fields throughout the substantia nigra were randomly selected. The color of the double-positive cells of Iba-1 and β-galactosidase was confirmed as violet-black, which formed from the merge of blue (β-galactosidase) and red-brown (Iba-1). The color of the double-positive cells of Iba-1 and p21 was defined as yellow, which formed from the merge of red (p21) and green (Iba-1). Only the microglias with clearly visible cell bodies were counted. The percentage of senescent microglia in each high power field (magnification, x400) was presented as a graph.

Statistical analysis
--------------------

Data are presented as the mean ± standard error of the mean. Differences between groups were determined using one-way analysis of variance followed by Bonferroni\'s t-test for multiple comparisons. All data were analyzed using SPSS 11.5 software (SPSS, Inc., Chicago, IL, USA). P\<0.05 were considered to indicate a statistically significant difference.

Results
=======

Resting state of microglia 1 week following single PMA injection
----------------------------------------------------------------

As shown in [Fig. 2](#f2-mmr-12-05-7271){ref-type="fig"}, the majority of the microglia were in the resting state with typical ramified branches in the PMA-injected group ([Figs. 2B and D](#f2-mmr-12-05-7271){ref-type="fig"}). Analysis of ELISA demonstrated no significant difference in the expression levels of TNF-α or IL-1β between the control group and PMA injected group (P\>0.05; [Fig. 3](#f3-mmr-12-05-7271){ref-type="fig"}). These results indicated that PMA had no significant effect on the microglia following a single injection at one week.

Expression of β-galactosidase is increased in microglia following repeated injections of PMA
--------------------------------------------------------------------------------------------

Images of the double immunofluorescence staining are shown in [Fig. 4](#f4-mmr-12-05-7271){ref-type="fig"}. There were more double-stained positive cells in the repeated PMA injection group, compared with the repeated injection control group (P\<0.001) and single PMA injection group (P=0.002), as shown in [Fig. 5](#f5-mmr-12-05-7271){ref-type="fig"}. However, the numbers of double-stained positive cells in the single PMA injection group were not significantly increased, compared with those in the repeated injection control group (P=0.777). The percentage of double-stained positive cells in the repeated PMA injection group (17.15±4.25%) was significantly increased, compared with the repeated injection control group (10.34±1.86%; P\<0.001) and single PMA injection group (11.32±1.76%; P=0.002), respectively. These results suggested that repeated injection of PMA increased the expression of β-galactosidase in the microglia in the substantia nigra of the rats.

Expression of p21 increases in microglia following repeated injections of PMA
-----------------------------------------------------------------------------

Representative double-staining images of p21 and Iba-1 are shown in [Fig. 6A--C](#f6-mmr-12-05-7271){ref-type="fig"}. The numbers of microglia exhibiting positive expression of p21 were significantly higher in the repeated PMA injection group, compared with the repeated injection control group (P\<0.001) and the single PMA injection group (P\<0.001), as shown in [Fig. 6D](#f6-mmr-12-05-7271){ref-type="fig"}. The numbers of double-stained positive cells in the single PMA injection group were not significantly increased, compared to the repeated injection control group (P=0.912). The percentage of double-stained positive cells in the repeated PMA injection group (16.67±2.17%) was significantly increased, compared with the repeated injection control group (11.31±1.76%; P\<0.001) and single PMA injection group (11.64±1.87%; P\<0.001), respectively. These results indicated that repeated injection of PMA increased the expression of p21 in the microglia in the substantia nigra of the rats.

Discussion
==========

In the present study, the effect of intra-nigrostriatal injection of PMA on microglia senescence was investigated. The results demonstrated that PMA had no significant effect on the microglia following a single injection at one week. Following four repeated injections of PMA, microglia in the substantia nigra exhibited certain senescence characteristics, including increased expression levels of β-galactosidase and p21. These results demonstrated that repeated injection of PMA resulted in microglia senescence, whereas a single injection of PMA did not induce microglia senescence in the substantia nigra of the rats.

Microglia senescence is manifested by morphological changes and alterations in inflammatory profile ([@b4-mmr-12-05-7271]). The observation of morphological alterations, characterized by cytoplasmic fragmentation, twisting processes and clusters, has been used in several studies to identify dystrophic microglia ([@b27-mmr-12-05-7271],[@b28-mmr-12-05-7271]). In the present study, the majority of the microglia presented with no dystrophic microglia features in the PMA injection group, indicating that a single PMA injection did not lead to morphological changes, which is one of the characteristics of microglia senescence. Microglia belong to the macrophage lineage and are the predominant form of active immune defense in the CNS. TNF-α and IL-1β are two predominant proinflammatory cytokines produced by microglia during CNS inflammation ([@b29-mmr-12-05-7271]). In rodents, reports have suggested that production of the TNF-α and IL-1β proinflammatory cytokines are increased in the brain of the senescence accelerated mouse ([@b10-mmr-12-05-7271],[@b30-mmr-12-05-7271]), while others have suggested that the proinflammatory cytokines are decreased in macrophages with aging ([@b31-mmr-12-05-7271]--[@b33-mmr-12-05-7271]). The results of the present study demonstrated that the levels of TNF-α and IL-1β were not significantly altered 1 week following a single PMA injection. These results suggested that microglia senescence did not occur in the substantia nigra 1 week-post single PMA injection.

Previous studies have reported that the expression level of β-galactosidase is increased during senescence ([@b12-mmr-12-05-7271],[@b34-mmr-12-05-7271]). In addition, the expression of p21 is increased during cell senescence ([@b13-mmr-12-05-7271],[@b14-mmr-12-05-7271]). A previous study found that, in response to repeated lipopolysaccharide administration to mimic chronic inflammation, cultured BV2 microglial cells exhibited signs of senescence, including growth arrest and enhanced β-galactosidase activity ([@b35-mmr-12-05-7271]). In the present study, repeated administration of PMA increased the expression levels of β-galactosidase and p21 in the substantia nigra of the rats, which indicated that repeated administration of PMA induced microglia senescence in the substantia nigra of the rats. PMA, a potent tumor promoter, can activate PKC *in vivo* and *in vitro* by binding to PKC, resulting in several types of cellular effects ([@b16-mmr-12-05-7271],[@b36-mmr-12-05-7271]). Studies have indicated that PMA can activate oncogenes, including Ras, *in vivo* and *in vitro* ([@b37-mmr-12-05-7271],[@b38-mmr-12-05-7271]). In addition, Serrano *et al* first reported that the expression of oncogenic Ras results in a permanent G1 arrest in primary human or rodent cells in OIS ([@b39-mmr-12-05-7271]). Studies have also indicated that the accumulation of p21 can mediate G1 arrest ([@b40-mmr-12-05-7271]). Several studies also have demonstrated that the activation of oncogenes can induce OIS, and melanocytic nevi provide a clear example of OIS ([@b15-mmr-12-05-7271],[@b41-mmr-12-05-7271]--[@b43-mmr-12-05-7271]). Thus, PMA induced microglia senescence may be associated with oncogenic Ras-induced G1 arrest, which also mediated by p21 in OIS.

PMA can also lead to oxidative stress *in vitro* ([@b44-mmr-12-05-7271]). Studies have demonstrated that various forms of oxidative stress can induce senescence, including exposure to reactive oxygen species ([@b45-mmr-12-05-7271]--[@b47-mmr-12-05-7271]). Cultured astrocytes can undergo cellular senescence with the development of characteristics of senescence, including growth arrest, expression of β-galactosidase and increased expression of the cell-cycle inhibitor p21 in response to a variety of stressors, including oxidative stress ([@b48-mmr-12-05-7271]--[@b50-mmr-12-05-7271]). Thus, oxidative stress-induced senescence may be another potential mechanism of PMA-induced microglia senescence.

PMA, as a carcinogen, can induce activation of endogenic oncogenes, and resulted in microglia senescence in the substantia nigra in the present study. Oncogenes can be activated by various stimulants, which can cause tumorigenesis ([@b51-mmr-12-05-7271]). Microglia senescence is a major factor contributing to the development of age-associated neurodegenerative diseases ([@b52-mmr-12-05-7271]). There is a close connection between tumorigenesis and neurodegeneration ([@b53-mmr-12-05-7271]), PD, as a neurodegenerative disease, has been reported to be associated with a decreased risk of developing cancer ([@b54-mmr-12-05-7271],[@b55-mmr-12-05-7271]). Therefore, the result of the present study that PMA induced microglia senescence, provided further evidence supporting the interaction between tumorigenesis and neurodegeneration.

In conclusion, the present study demonstrated that repeated intra-nigrostriatal treatment with PMA for carcinogen stimulation induced microglia senescence, which may be associated with OIS- and oxidative stress-induced senescence. In addition, these results provide novel evidence for the link between tumorigenesis and neurodegeneration.
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![Administration procedure in each group. In the upper two procedures, the animals received a single injection of PMA in the PMA injection group and a commensurable NS in control group, and were sacrificed 1 week post-injection. In the lower three procedures, the animals received a single injection of PMA in the first week in the single time PMA injection group. PMA injections or commensurable NS were performed once a week four times in the remaining two groups. The animals in these three groups were sacrificed at the fifth week. PMA, phorbol myristate acetate; NS, normal saline.](MMR-12-05-7271-g00){#f1-mmr-12-05-7271}

![Immunofluorescence staining of Iba-1 in the microglia in the substantia nigra 1 week following a single PMA injection. Immunofluorescence of Iba-1 revealed that, compared with (A) control group, microglia in the (B) PMA injection group were in a resting state, with typical ramified branches. (C and D) Enlarged images of A and B, respectively. PMA, phorbol myristate acetate.](MMR-12-05-7271-g01){#f2-mmr-12-05-7271}

![Expression of TNF-α and IL-1β between the PMA injection group and the control group. No significant differences were observed in the expression levels of TNF-α or IL-1β between the PMA injection group and the control group (P=0.469). Data are presented as the mean ± standard error of the mean. PMA, phorbol myristate acetate; TNF, tumor necrosis factor; IL, interleukin.](MMR-12-05-7271-g02){#f3-mmr-12-05-7271}

![Double staining for Iba-1 and β-galactosidase in the substantia nigra. Double-staining revealed that β-galactosidase was colocalized with Iba-1 in each group. Compared with the (A) repeated injection control group or (B) single PMA injection group, more double-staining positive cells were present in the (C) repeated PMA injection group. (D--F) Enlarged images of A--C, respectively. The black arrows indicated double-stained positive cells (violet-black). The blue color represents the positive expression of β-galactosidase. The red-brown represents the positive expression of Iba-1. PMA, phorbol myristate acetate.](MMR-12-05-7271-g03){#f4-mmr-12-05-7271}

![Percentages of β-galactosidase and Iba-1-positive cells, compared with Iba-1-positive cells. A higher percentage of double-staining positive cells were observed in the repeated PMA injection group, compared with the repeated injection control group or the single PMA injection group. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001. Data are presented as the mean ± standard error of the mean. PMA, phorbol myristate acetate.](MMR-12-05-7271-g04){#f5-mmr-12-05-7271}

![Immunofluorescence staining for Iba-1 and p21 in the substantia nigra. Compared with the (A) repeated injection control group or (B) single PMA injection group, a higher percentage of cells positive for p21 and Iba-1 were identified in the (C) repeated PMA injection group. (D) Percentages of p21 and Iba-positive cells compared with Iba-1 positive cells in the different groups. The white arrows indicate double-stained positive cells (yellow). The red color represents positive expression of p21 and the green colour represents positive expression of Iba-1A. A higher percentage of double-staining positive cells were observed in the repeated PMA injection group, compared with the repeated injection control group or the single PMA injection group (^\*\*\*^P\<0.001). Data are presented as the mean ± standard error of the mean. PMA, phorbol myristate acetate.](MMR-12-05-7271-g05){#f6-mmr-12-05-7271}
